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Background:  Photosynthesis starts with the absorption of solar radiation by
antenna pigment molecules. In purple bacteria these chromophores,
(bacteriochlorophyll a and carotenoid) are embedded in the membrane; they are
non-covalently bound to apoproteins which have the ability to modulate the
chromophores’ absorbing characteristics. The first structure of the bacterial
antenna complex from Rhodopseudomonas acidophila, strain 10050, shows a
ring of nonameric symmetry. Two concentric cylinders of apoproteins enclose
the pigment molecules. The current resolution of the structure, to 2.5 Å, allows
us to begin to explore the mechanism of energy transfer among these pigments.
Results:  The mechanism of energy transfer, from the short- to long-wavelength-
absorbing pigments, is largely determined by the relative distances and
orientations of the chromophores. In this paper we provide evidence that energy
transfer between the B800 and B850 bacteriochlorophylls is largely via Förster
induced dipole–dipole resonance. Strong Coulombic (exciton) coupling among
the 18 short distanced chromophores in the B850 macrocycle is promoted by
good alignment of the Qy dipoles. Singlet–singlet energy transfer from
carotenoid to the B800 macrocycle appears to be minimal, with most of the
energy transfer going to B850. The higher energy state of both chromophores
dominates in more complex situations. 
Conclusions:  The structure of the antenna complex not only shows Nature at its
most aesthetic but also illustrates how clever and efficient the energy transfer
mechanism has become, with singlet–singlet excitation being passed smoothly
down the spectral gradient to the reaction centre. 
Introduction
The initial event in bacterial photosynthesis is the absorp-
tion of a photon by the light-harvesting (LH), or antenna,
system. This is followed by a rapid and efficient transfer
of this energy to the reaction centre, where ‘trapping’
occurs [1]. Typically, purple bacteria contain two types of
antenna complex, both of which are integral membrane
protein assemblies [2]. The first type, LH1, is intimately
associated with the reaction centre (RC) forming the
so-called ‘core’ complex. Arranged more peripherally to
this, and present in variable amounts, is the second type,
LH2. Both types of complex are built on a similar modular
principle [3]. The light-absorbing pigments, bacterio-
chlorophyll a (Bchla) and carotenoid, are non-covalently
bound to two low molecular weight, hydrophobic apopro-
teins, a and b. Within the complex, energy migrates from
the short-wavelength- to long-wavelength-absorbing pig-
ments, establishing a unidirectional energy flow down the
spectral gradient. Captive photons are finally trapped by
the primary donor in the RC. Here, charge separation is
promoted across the photosynthetic membrane.
There has been much speculation, mainly on the basis of
spectroscopic interpretation, as to how the initial energy is
passed from carotenoid to bchl and from bchl to bchl, and
so on, down the energy gradient. In this paper we will be
analysing the specific environments and structural details
of these pigment molecules within the peripheral LH2
complex from Rps. acidophila, strain 10050 [4], with a view
to understanding the mechanisms of energy transfer in
antenna complexes.
With the exception of two particularly interesting protein
contacts, we will avoid a discussion of pigment–protein
interactions as this paper is essentially concerned with 
the energy transfer mechanism, which is governed by the
relative disposition of the chromophores. Pigment–protein
interactions are important in their own right because they
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appear to lower the energy of absorption of one pigment
relative to another, often resulting in a change in the
dominant mechanism of energy transfer. They will be
discussed elsewhere.
The role of the pigment molecules
In order to understand the way in which these pigment
molecules transfer energy, some of the important photo-
synthetic properties of both bacteriochlorophylls (bchls)
and carotenoids should be described.
The bacteriochlorophylls
Most of the chlorophyll or bchl molecules in the photosyn-
thetic membrane serve as antennae for light gathering. In
purple bacteria, for each special pair of bchls in the RC
there are as many as 250 other bchls funnelling absorbed
solar energy towards the RC [5]. The significance of bchls,
and the role they play in capturing light for photosynthe-
sis, is related to their ability to be promoted photochemi-
cally to an appropriate electronically excited state [6,7].
Porphyrins and their derivatives (chlorophylls and bchls),
with large p-electron systems, are particularly well suited
for this task, having high molar extinction coefficients and
the ability to absorb light in the wide spectral range over
which solar energy peaks. The absorbing characteristics of
these chlorophyll molecules depend on how they are held
in the protein complex and on their local environment
(e.g. proximity to charged residues). Once removed from
their biological scaffold, all bchlas show the same absorp-
tion spectrum in the same solvent.
Bchls have transition dipoles that enable them to promote
resonance energy transfer across relatively long distances
(10–80 Å) in an extremely short time span. The major
singlet transition dipoles, which differ due to the asymme-
try of the conjugated bchl structure, are denoted Qx and
Qy. Figure 1 shows the direction of these dipoles and their
relative energies as shown by their position in the spectra.
After an electron is excited from the highest occupied
molecular orbital (HOMO) of the porphyrin into the
lowest unoccupied molecular orbital (LUMO), by absorp-
tion of light of appropriate frequency, the fate of the
excited electron (until it eventually returns to its ground
state) is determined by the competition between internal
conversion, fluorescence and spin-orbit-induced intersys-
tem crossing. The relative contribution of each individual
mode of decay is proportional to the relative rates of each
process. In turn, the rates of these processes, and to some
extent the mechanisms, depend primarily on the dis-
tances, relative orientations and the spectral overlap or
‘resonance’ of the pigment molecules.
The carotenoids
Carotenoids serve as LH pigments and photoprotective
agents in photosynthetic organisms [8,9]. Their role as
antenna pigments involves absorption of photons in the
blue–green spectral region (450–570 nm) followed by
efficient singlet–singlet energy transfer to neighbouring
bchls. The basic structure of carotenoids is a symmetrical
tetraterpene skeleton formed by tail to tail linkage of two
C20 units. This long system of conjugated double bonds is
responsible for carotenoids absorbing light in the visible
region, giving them their strong coloration, and is essential
to carotenoid participation in the energy transfer process.
In the LH2 complex from Rps. acidophila the carotenoid,
rhodopin glucoside, has 12 double bonds, of which 11 
are conjugated, and is in the all-trans configuration, as
predicted from resonance Raman measurements [10].
Carotenoids possess two low-lying electronic excited
states that account for many of their spectroscopic and
functional properties [11]. They are denoted the S2 (1Bu)
and the S1 (2Ag1) states. The strong visible absorption is
thought to arise from a ground S0 (1Ag1) state to a S2 state
transition (the S0 to S1 transition is symmetry forbidden).
The S0 to S2 transition is very strong and increases with
the extent of p-electron conjugation. 
An essential function of carotenoids in photosynthetic
organisms is to prevent harmful photo-oxidative reactions
related to the presence of singlet oxygen. If cells of
photosynthetic organisms lacking carotenoid (e.g. in the
carotenoidless mutant, Rhodobacter sphaeroides R-26) are
illuminated in the presence of oxygen they sensitize their
own death [12]. This is a result of triplet excited bchl (or
chlorophyll) sensitizing the formation of singlet oxygen
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Figure 1
Absorption spectrum of the LH2 antenna complex from Rps. acidophila,
strain 10050, showing the characteristic peaks from the Qx and Qy
transition dipoles of bchl. Green/yellow indicate Qx and red/white the Qy.
which is a sufficiently powerful oxidant to react with lipids,
proteins and nucleic acids [13–15] such that cells exposed 
to high concentrations of singlet oxygen die rapidly. This
photoprotective function utilizes triplet–triplet energy
transfer from bchl to carotenoid.
A third, and often neglected, function of carotenoids in
antenna complexes, is that of conferring structural stability
to the transmembrane unit. This has already been demon-
strated by studies on several carotenoidless mutants from
R. sphaeroides and R. capsulatus [16,17]. The absence of
coloured carotenoids destabilizes the wild-type LH2 of
R. sphaeroides [18], with the result that the LH2 a and b
polypeptides rapidly turn over in the membrane. From the
crystal structure, we see that as the carotenoid extends
across the complex it makes many important and intimate
contacts with the phytyl systems of both the B800 and
B850 pigments. These contacts are clearly important in
maintaining internal structural stability. 
The structure of LH2
The detailed structure of LH2 is described elsewhere [19]
and only a brief description is presented here. A ring of nine
pairs of a and b apoproteins enclose a cylinder, presumed to
be lipid, of radius 13 Å. The apoproteins form into concen-
trically arranged transmembrane helices, the a at a radius of
18 Å and the b at a radius of 34 Å. The helix axes are
approximately normal to the membrane plane and between
these are situated the B850 pigments in a closely overlap-
ping ring of 18 molecules (Fig. 2). The B850 planes are per-
pendicular to the membrane surface, so that on looking into
the membrane the observer sees a ring of B850 molecules
edge on. On closer inspection it is seen that the ring is
formed from nine B850 pairs, each pair liganded, through
Mg atoms of the bacteriochlorin ring, to histidine side
chains on each of the radially associated a and b apopro-
teins. The alternating bacteriochlorin rings are approxi-
mately parallel with the interplanar angles greater between
neighbouring Bchla pigments of adjacent protomers. A pro-
tomer is defined as a radially associated ab pair and its asso-
ciated pigment molecules. The nine B800 molecules are
between the b apoprotein helices and a further 16.5 Å into
the membrane, bringing them nearer the cytosolic side.
Their planes are parallel to the membrane surface. The
carotenoid molecules and phytyl chains of both B800 and
B850 molecules intertwine in the space between the a and
b apoprotein pairs. Refinement of the structure indicates
that there is, within experimental error, exact ninefold sym-
metry between protomers of the complex. In the protomer
the pigments consist of three Bchla molecules, one B800
and two B850s (each B850 being associated with either an 
a or b apoprotein) and two carotenoid molecules (rhodo-
pin glucoside), one of which was originally assigned as a
detergent (b-octyl glucoside; b-OG) molecule. The current
model has standard deviations of 0.1 Å in the atomic
coordinates with Rcryst=21.0% and Rfree=24.6%.
Pigment–pigment interactions
Bacteriochlorophyll alignment
In order to understand the significance to the energy
transfer process of the relative distances and orientations
of the pigment molecules , we introduce here a brief
synopsis of the formulae involved.
The energy transfer process can be discussed con-
veniently in terms of two distinct transfer events. Each
process can be regarded as one extreme, with the situation
in vivo being represented by contributions from each
transfer process. There is no real cut-off point where one
process dominates absolutely. The first method of trans-
fer, between chromophores 20 to 80 Å apart, is by Förster
induced dipole–dipole resonance transfer [20]. The trans-
fer rate, k, and efficiency, F, can be expressed as:
k = Ro 6
×
1 (1)R g
F = Ro 6 (2)R
R6o = Ck2h– 4∫ f(n)e(n)n–4dn (3)
Efficient energy transfer by this mechanism is governed
by several factors some of which are represented in equa-
tions 1 to 3. R is the distance between chromophores, Ro
is the constant of proportionality, g the intrinsic lifetime
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Figure 2
The transmembrane portion of the LH2 molecule. Protein helices are
shown as ribbons; the photoactive bchl chromophores as ball-and-
stick representations with the carotenoid molecules (including the
extrapolated second carotenoid) as stick representation. (The figure
was produced using MOLSCRIPT [38].)
of the excited state of the donor, h the refractive index of
the medium and C a constant. The following considera-
tions are important. Firstly, the rate of energy transfer
falls off rapidly with the relative pigment separation, R.
Secondly, the magnitude of the overlap integral in equa-
tion (3) is determined by the spectral overlap, in fre-
quency space, n, of the fluorescence f(n) of the donor and
the absorption e(n) of the acceptor pigments. The fluores-
cence is always red-shifted relative to the absorption, so
that the progressive absorption red shift, as energy
migrates to the RC, facilitates efficient energy transfer.
Thirdly, the geometric factor, k, reflects the relative
orientations of the transition dipoles.
The second energy transfer process arises from strong
Coulombic coupling of the transition dipoles of closely
interacting pigments, as seen in the B850 ring. This
exciton energy of interaction is given below and is propor-




The structural factor which most influences this rate is the
inverse cube of the molecular separation, R. The transi-
tion dipole moments of molecules a and b, ma and mb, and
k, which can vary in the range –2 to 2 and is greatest when
the dipoles are in line, can be regarded as scaling factors. C
is a constant that includes the dielectric constant (relative
permeability). For our purposes, these factors can be
thought of as determining the maximum rate of transfer.
There is also a third possible method of energy transfer.
When the pigments molecules are very close (less than
5 Å) their orbitals may participate in Dexter-type energy
transfer, via electron exchange [22]. As we will see later,
this is necessary for deactivation of triplet-excited bchls.
With the above information on the mechanism of energy
transfer and the factors which govern the kinetics we can
now look at the disposition of the chromophores in a
protomer, or adjacent protomers, of LH2.
B800–B800
The distance between the central Mg atoms of adjacent
B800 chromophores is 21.23 Å (Fig. 3). In this arrange-
ment, the Qx transition dipoles are aligned to within 15°
of the ring radius with the Qy dipoles deviating by the
same amount from the tangent of the nonameric ring. 
Recently, Hess et al. [23] used low energy sub 100 femto-
second (fs) pump-probe techniques to investigate the
energy transfer processes among the bchls of LH2. They
showed that energy transfer from B800 to B850 takes
place with a rate constant of 0.7 ps; however, evidence was
also presented (by studying the decay of the anisotropy of
the excited B800) that a faster 0.4 ps kinetic component
reflected rapid energy transfer among the B800 bchls.
Comparing the distances between the B800 and B850
chromophores (an average separation of 17.9 Å) with the
21.2 Å between B800 pigments we would have expected
the B800→Β800 transfer rate to be 2.7 times slower than
the B800→B850 time of 0.7 ps, from equation 1. It turns
out that two principal factors are responsible for ‘speeding
up’ the transfer rate. Firstly, there is a much better spectral
overlap between B800 pigments than between the B800
and B850 chromophores. Secondly, the angular geometric
factor, k, for the two B800 pigment molecules (determined
by the relative orientations of their Qy transition dipoles) is
more favourable (Table 1). From this it is clear that, as the
rate is dependent on k2, the value of 1.54 for B800→B800,
as opposed to 0.61 for B800→B850, could contribute to 
the faster transfer rate observed. It has also been shown 
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Figure 3
Relative distances and orientation of the
chromophores. B800 is depicted at the top of
the diagram with B850 shown at the bottom.
(The figure was produced using O [39].)
(K Sauer, unpublished data) that the B800–B800 inter-
action energy (25 cm–1) is comparable with that of the
largest B800–B850 interaction (27 cm–1).
B800–B850
The orientation of the B800 molecules is such that both the
Qx and Qy transition dipoles are parallel to the membrane
plane (Fig. 3). On the other hand, for the B850 molecules
the Qx transition dipole is almost normal, and the Qy tran-
sition dipole approximately parallel, to the membrane
plane. The distances between the B800 central Mg atom
and the central Mg atoms of the two nearest B850 mol-
ecules are 17.64 (a-apoprotein-associated) and 18.32 Å (b).
This arrangement, with an angle of about 43° between
B800 Qy and the nearest B850 Qy (from a neighbouring
protomer), is not optimal, but is a better route to energy
transfer than its adjacent neighbour B850 which imposes a
much less favourable angle (about 105°) and a longer dis-
tance. Inspection of Table 1 shows that indeed the align-
ment of B800 to the closest (a) B850 favours energy
transfer via the Förster hopping mechanism (k=0.78). At a
first approximation, this would suggest that energy trans-
fer by the unfavourably aligned Qx dipoles would be
minimal, but this neglects coupling among the acceptor
B850 molecules which leads to a more complex situation
and is outside the scope of this paper.
B850–B850
There are two possible competing mechanisms for energy
transfer around the 18 bchls in the B850 ring. The closely
interacting pigments within the ring experience strong
Coulombic coupling of the transition dipole moments,
which are optimally aligned giving almost the strongest
possible interactions. At the same time, the chromophores
are close enough for some of the atoms to be involved in
p-orbital overlap. Although the Coulombic component of
the energy transfer mechanism is relatively easy to calcu-
late, the contribution from the Dexter component is much
more difficult to assess. Within the constraints imposed on
LH2, it is difficult to see how a better pigment geometry
for fast, efficient delocalization round the ring could have
been achieved.
Within the protomer unit, the B850 ab pair has an Mg–Mg
separation of 9.6 Å. A distance of 8.9 Å separates adjacent
protomer Mg atoms. Apart from the special pair of bchls in
the RC of purple bacteria, these are the most closely
spaced chromophores in any photosynthetic organism that
has been structurally characterised to date. The relative
orientation of the transition dipoles within this ring (Fig. 4)
are such that the parallel Qx dipoles form a ring normal to
the plane of the membrane (like posts standing erect in a
circle; Fig. 4a), and the Qy dipoles follow a ‘shallow sinu-
soidal belt’ around the mid-point of the ring, in the plane
of the membrane (like a single strand of basketweave
encircling the mid-point of the posts; Fig. 4b). Such an
arrangement would favour delocalized exciton coupling
with the most likely interactions, namely exciton of the
Davydov type [21], involving collective excitation through
end-to-end Qy transition dipole moments. Table 1 shows
the k values for these chromophores, which indicate a very
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Table 1
Kappa values for the relative orientations of chromophores.
Chromophores Mg–Mg k(Qy) k(Qx) k2(Qy) k2(Qx)
distance
a-B850/b-B850 9.6 1.67 1.02 2.79 1.04
b-B850/a-B850 8.9 1.19 1.02 1.42 1.04
B800/a-B850 17.4 0.78 0.71 0.61 0.50
B800/b-B850 18.2 –0.078 1.11 0.01 1.23
B800/B800 21.2 –1.24 0.53 1.54 0.28
Figure 4
Relative orientations of the transition dipoles.
(a) Alignment of the Qx dipoles
(green/yellow). (b) Alignment of the Qy
dipoles (red/white). (c) Alignment of the first
carotenoid to Qx. (d) Alignment of the first
carotenoid to Qy. (The figure was produced
using O [39].)
favourable alignment. The angle between dipoles within
an ab protomer is approximately 14°. Between protomer
pigments it is around 26°, but this is mitigated by a closer
interpigment distance of around 8.9 Å, compared with
9.6 Å. This may not seem much of a difference but as the
exciton coupling varies as 1/R3 this increases the strength
of the coupling by about 18%. The Qx dipoles will show
less excitonic coupling in the B850 macrocycle as the mag-
nitude of the splittings (interaction energies) is smaller 
(the dipole strength for Qx is only about 1/3 that of Qy) and
with a parallel dipole alignment the value for k is reduced
relative to end-to-end alignment.
The closeness of the B850 molecules shows possible
p–p orbital overlap alternating between A ring pairs
C(2)…C(2) (3.89 Å) and C(3)…C(3) (4.03 Å) of the ab
protomer and C ring pairs C(12)…C(12) (3.61 Å)
and C(13)…C(13) (3.89 Å) of adjacent protomers
(Fig. 5). The arrangement can be summarised
as A::A–(chlorin)–C::C–(chlorin)–A::A– (chlorin)–C::C.
Throughout this paper we have used the IUPAC recom-
mended numbering scheme as illustrated in Figure 6.
This alignment provides a direct route into the delocal-
ized bacteriochlorin ring; however, the contribution to
energy transfer through p-orbital overlap within this ring
system may only be slight as the closeness and orientation
of the chromophore dipoles will favour an exciton transfer
mechanism. These close contacts may be necessary pri-
marily to form the stable, super-ring geometry of overlap-
ping bchls in which each bchl is linked tightly together by
these p–p interactions. The p-orbital overlaps are at
either end of the Qy transition dipoles and ensure a close
and rigid alignment of these dipoles around the ring.
Molecular distortion in the bacteriochlorophylls
Refinement of the protein model indicates that, in the
crystal and at the present resolution, the nonameric sym-
metry of the molecule is precise. Thus, the LH2 complex
contains only three independent bchl chromophores. The
chemical contacts of all three bchls are similar: a central
Mg2+ forms a lone pair association with either a formyl
oxygen from the N terminus of the a apoprotein only
(B800) or a histidine (B850). A hydrogen bond is also
formed from a protein side-chain donor (aTyr44) to the
C(3) acetyl on ring A of the bchl system.
Close inspection indicates significant differences in confor-
mation among the chromophores. The additional restraint
of nonameric symmetry allows substantial model overdeter-
mination with respect to the experimental data, resulting in
excellent electron-density maps. We therefore feel justified
in examining the chlorophyll geometry in detail although
the resolution of the structure itself is limited to 2.5 Å.
To examine the relative molecular distortions, the b-B850
and B800 molecules from a single subunit were indepen-
dently superimposed on the a-B850 molecule. This
was achieved via a least-squares method, whereby the
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Figure 5
A segment from the B850 ring showing the closeness of adjacent
chromophores. (The figure was produced using O [39].)
Figure 6
Structure of (a) Bchla, (b) the phytyl chain and (c) the carotenoid,
showing the numbering scheme used in the analysis. The carbon
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differences between the coordinates of bacteriochlorin
nitrogen atoms, plus one additional carbon (to define chi-
rality) were minimised. Residuals (rms) for this process
were of the order of 0.03 Å in both cases.
Distortion modes in porphyrin and porphyrin-like mol-
ecules are well characterised [24], and generally fall into
two main types: ruffling, in which the ring system adopts 
a saddle-like appearance, or bowing, in which the ring
plane adopts a convex bulge. A third possibility is a hexa-
coordinated state, in which the porphyrin system is planar. 
A qualitative examination shows that both the B800 and b-
B850 molecule appear to adopt a standard, slightly bowed
conformation. The degree of bowing differs slightly and is
opposite in sense, with the b-B850 molecule being the
more planar. But the a-B850 shows appreciable distortion,
being bowed significantly along the long axis of the conju-
gated system with the short axis almost planar. This distor-
tion appears to be a hybrid ruffling. The bending of the
a-B850 molecule serves to bridge the distance between its
two adjacent b-B850s, allowing close contact between the
p-orbitals of the adjacent molecules (Fig. 5). The molecu-
lar axis corresponding to Qx transition dipole superim-
poses almost exactly for all three independent molecules.
Because of the close association of the molecules in the
B850 macrocycle, the spectroscopic consequences of mol-
ecular distortion of the chromophores will be propagated
into the ring itself, modifying its spectral properties. Puck-
ering of porphyrins has been shown to have a marked
effect on their spectra. Barkigia et al. [25] reported that
tetraphenyloctaethylporphyrin is severely saddle shaped
with red shifts of 51 and 68 nm relative to the planar
macrocycles zinc tetraphenyl and zinc octaethylporphyrins,
respectively. Gudowska-Nowak et al. [26] have calculated
Qy wavelengths ranging from 725 nm to 793 nm of the
bchl pigments of the antenna complex from Prosthecochloris
aestuarii [27]. The differences arise purely from the differ-
ent pucker geometries. In the plane defined by the four
nitrogens, the pucker torsion angles range from 6.7° to
10.4°. As discussed above, similar torsion-angle magnitudes
(between 5° and 11°) are observed in the bchls of LH2 and
this puckering is expected to result in a significant spectral
shift. We anticipate that a complete interpretation will
depend on the correct analysis of this heterogeneity.
There is one final point about these chromophores that is
worth mentioning. The C(3) acetyl group has freedom of
rotation about the C(3)–C(31) bond. The torsion angle
defining this rotation is identical for the two B850 chromo-
phores but is almost opposite for B800 (180° compared with
0° for B850). Significant blue shifts in absorption result from
the rotation of the C(3) acetyl out of the macrocycle plane.
In Rps. acidophila this group is within 30° of the ring plane.
The B800 carbonyl points towards the Qy axis in B800 and
the reverse occurs for B850. The consequence of this is
likely to be a slight rotation of the Qy transition dipole in
B800 with respect to B850, about the bchl normal. We will
see later that there is a close interaction with this acetyl
moiety and the terminal methyls of the B800 phytyl chain.
Carotenoid–bacteriochlorophyll interactions
There is a great deal of interest in the distances between,
and the alignment of, these chromophores. It has been
argued that transfer of singlet excitation from carotenoid to
bchl does not occur efficiently via the usual Förster mech-
anism, due to an extremely low yield of carotenoid fluores-
cence, and therefore the alternative electron exchange
mechanism has to be considered [28,29]. It is also impor-
tant to determine whether carotenoid molecules are able
to transfer energy to either or both B800 and B850.
Kinetics studies suggest that there are two likely routes
whereby the photon-excited carotenoid transfers its
energy to neighbouring bchl. It could do so directly from
the S2 state into either bchl Qx or Qy [30]; however, this
route would be in direct competition with the ultrafast
(200 fs) internal conversion to S1. Once internal conver-
sion from S2 to S1 occurs, transfer from S1 carotenoid to
bchl may take place. It would therefore seem that parallel
pathways of excitation transfer are likely, that is, a consid-
erable part of excitation transfer occurs directly from the
carotenoid S2 state and the remainder from the carotenoid
S1 state after radiationless relaxation from S2→S1.
Energy transfer from the carotenoid S2 state would permit
strong Coulombic coupling to the receiving bchl transition
dipole, whereas transfer from the S1 state must rely on
exchange coupling or Coulombic interactions of an order
higher than dipolar. Calculations have shown that the
receiving Franck–Condon function is more likely to be that
of the Qx, rather than Qy, absorption. Nagae et al. [31] have
calculated the excitation transfer matrix elements between
all the states involved and showed that excitation transfer
by a Coulombic mechanism from carotenoid S2 state to
either S2 or S1 state of bchl is very large; transfer from
carotenoid S1 state to either bchl states is much smaller. In
the same study, the calculated matrix elements for electron
exchange interactions were shown to be considerably
smaller than even the weakest Coulombic interaction.
We will now turn to the structure of LH2 from Rps. aci-
dophila to see if this will shed some light on the mecha-
nism of singlet–singlet energy transfer. The carotenoid
molecule, rhodopin glucoside, starts from a hydrophilic
pocket in the cytosol region of the membrane where the
disordered glucoside head group is seen making a number
of contacts with the charged residues on adjacent helices.
This disorder is restricted to the glucose head group
(Fig. 7) and is probably due to there being more than one
conformation effected by rotation about the ether oxygen.
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Carbon atoms C(7) to C(11), at the start of the conjugated
section of the rhodopin chain, make a number of close
contacts with the C–E ring system of the B800 bchl.
These begin with an ester methyl, C(134), and carotenoid
methyl CM4, at a distance of 4.02 Å from each other, and
end with the ring C methyl C(121) and carotenoid methyl
CM5, at 5.26 Å. The shortest contact within this region,
3.40 Å, is between the carbonyl oxygen O(131) and
carotenoid C(11) (Fig. 8), which may offer some long-
range p–p overlap but does not provide a direct route into
the bacteriochlorin conjugated system. Following from
this, the most likely possibility for approaching this system
would be an overlap of the C(12)–C(13) double bond with
a conjugated section of the carotenoid. The distances of
5.17 Å and 5.52 Å, between C(11) and bchl atoms C(13)
and C(12), respectively, at best give a route into the bacte-
riochlorin ring system but are too long for orbital overlap
and hence electron exchange, particularly when consider-
ing the ultrafast S2 mechanism. There may, however, exist
the possibility of a contribution to energy transfer via elec-
tron exchange from the slower (2.5 ps) transfer between
the S1 states.
The closest distance from a carotenoid atom to the central
Mg atom is 9.34 Å (C7) with the carotenoid approximately
normal to the B800 bchl plane. The carotenoid is there-
fore aligned normal, but edge on, to the direction of the
B800 Qy dipole (Figs 4c,d and 8). Here it is worth noting
that the carotenoid S2 state transition dipole is along the
long molecular axis and because the S1 to S0 transition
derives its oscillator strength from the S0 to S2 transition,
the two transitions (S2 and S1) are likely to have the same
polarizations. With such an alignment, the alternative to
electron exchange (and the most likely mechanism of
energy transfer from carotenoid to the B800 bchl), is multi-
pole–multipole excitation transfer (exciton coupling of
both sets of transition dipoles), as outlined by Nagae [31].
Although this seems consistent with the parallel pathways
of excitation transfer, in this instance the non-favourable
alignment (k) of the transition dipoles of the two chromo-
phores would detract significantly from the interaction
energy as defined by equation 4. Therefore excitation
transfer from carotenoid to B800 should be small.
As the carotenoid leaves the B800 domain, it is guided
through the membrane towards its final destination (the
a-B850 terminal acceptor) by making several close van der
Waals contacts with the descending phytyl chain of the
a-B850. To further ‘fix’ the alignment, contacts (3.35 and
3.51 Å in length) are also made between the A ring methyl
and the ether oxygen of the phytyl chain from the adja-
cent b-B850 pigment (C(19)...O(19), C(23)... and C(181),
respectively).
The end of the carotenoid then passes close to the a-B850
bacteriochlorin ring making its closest non-bonded contact
(3.68 Å) between C(27) and C(20) of bchl. This allows a
direct route into the conjugated system of the bacteri-
ochlorin ring. The carotenoid follows the outer edge of the
macrocycle, facing inwards to the hole, C(25)–C(29)
making close and near parallel contacts to C(18), C(19),
C(20), C(1) and C(2), respectively, of the bchl (Fig. 9).
Their respective distances are 4.33(5.61), 4.31(7.04),
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Figure 8
Alignment of the B800 bchl to the first
carotenoid: (a) the nearest distance from
carotenoid to B800; (b) alignment of the
dipoles to the carotenoid. (The figure was
produced using O [39].)
Figure 7
An omit map showing the conformation of the carotenoid, rhodopin
glucoside. (The figure was produced using O [39].)
3.65(6.94), 4.89(8.06) and 4.34(8.31) Å (the distances in
parenthesis refer to the equivalent distance of the
carotenoid from the same atoms of the b-B850). The
carotenoid not only passes across the face of the a-B850
but is in a groove between both a and b chromophores
being aligned almost parallel to the direction of both Qx
dipoles. The nearest carotenoid carbon, (C27), is only
5.44 Å from the central Mg atom of the a-B850 and 8.04 Å
from the b-B850 Mg atom. Again, we see the likelihood of
singlet–singlet energy transfer by Coulombic interactions.
Furthermore, an undoubtedly significant contribution
from the Qx dipole should favour S2–S2 transfer between
either or both B850s. Energy transfer between these chro-
mophores must be several magnitudes greater than that for
the carotenoid–B800 interaction as both S2 dipoles are in a
favourable parallel alignment (Fig. 4c) with a very short
distance between chromophores. This is also enhanced by
good spectral overlap between these two excited states.
At the same time, the closeness of the contacts around the
conjugated ring periphery seems to satisfy the requirement
for triplet–triplet deactivation of the photo-excited bchl to
occur via an electron exchange mechanism. Triplet energy
transfer has been shown to involve only the B850 bchls [32].
This is consistent with the experiments of Gust and
coworkers [33], working on a number of model compounds
consisting of carotenoids linked to a range of porphyrins and
pyrophaeophorbides. They concluded that the dominant
factor controlling this triplet–triplet reaction is exchange
coupling, the magnitude of which depends directly on the
extent of overlap between the p-electron systems of the
donor and acceptor (coulombic coupling is spin forbidden).
Finally, energy transfer involving the carotenoid is further
complicated by the S-shaped configuration of the
rhodopin chain which does not allow the precise definition
of the direction of the carotenoid dipole.
The second carotenoid
Spectral and stoichiometric analysis of the peripheral
antenna complex of Rps. acidophila 10050 indicates a
bchl:carotenoid ratio of 3:2 [34,35]. This corresponds to 18
carotenoid molecules in the native complex, whereas only
nine carotenoid molecules may be unambiguously located
in the crystal structure. LH2 from Rps. acidophila 10050 has
been crystallised from the detergent lauryldimethylamine
oxide (LDAO), giving a space group and cell dimensions
analogous to that obtained from bOG. Recent analysis of
these crystals has given an indication of the location of a
second carotenoid (S Prince, unpublished data).
The electron-density distribution at the site of the bOG
molecule in the reported structure of LH2 [19] was similar
to that found in omit maps calculated using LDAO crystal
data. This gives rise to two possible interpretations. Either
this site is occupied by the different detergent in both
cases, or the density represents a similar moiety in both
studies. Close examination of the bOG electron density
reveals disorder of the sugar head group. This is evident in
the refinement, which shows high temperature parameters
similar to those found for the sugar head of the assigned
carotenoid. The proximity of this site to the B850-absorb-
ing molecules suggests that a functional carotenoid might
occupy this cleft. Further evidence for the existence of
this second carotenoid is shown in the 2D structure of the
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Figure 9
Distances of both carotenoids as they pass
over the a-B850 bchl. A part of the second
carotenoid (silver) complete with glucose
head group is seen at the top with the
terminal portion of the first carotenoid at the
bottom. (The figure was produced using
GRASP [40].)
LH2 complex from Rhodovulum sulfidophilum [36]: com-
parisons of the X-ray structure from Rps. acidophila and the
Rdv. sulfidophilum EM projection maps at 7 Å show the
presence of density in the similar regions (I Sinning and 
H Savage, personal communication).
The density distribution allows approximately 1/3 of a
rhodopin glucoside molecule to be located. This extends
only to the first three carbons of the conjugated system.
The lack of electron density for the remaining 2/3 of the
molecule may mean that the molecule lies on the surface
of the complex, making only hydrophobic interactions.
The carotenoid molecule would therefore be exposed to
interactions with the detergent micelle employed in isolat-
ing the complex, and disorder may be induced.
A rhodopin glucoside molecule of identical conformation
to that found for the first carotenoid may be partially fitted
to the electron density of the omit map. In contrast to the
first carotenoid, which had its sugar head buried in a polar
pocket in the cytosolic side of the membrane, this second
molecule starts with its head in the periplasmic side. The
molecule first encounters the B850 macrocycle associated
with the same a polypeptide as the first carotenoid, but
this time it passes on the outside face of the bacteriochlo-
rin plane. In so doing it makes a number of close contacts
with the B and C ring atoms. These are (carotenoid first)
C(4)…C(9), 4.34 Å; C(5)…C(10), 4.27 Å; C(6)…C(11),
4.52 Å; C(7)…C(12), 5.08 Å (Fig. 9). As with the first
carotenoid, the alignment of the p systems is such that
orbital overlap sufficient for singlet–singlet exchange is
unlikely to occur. Again, both S2 dipoles are aligned in
parallel, as is favoured for energy transfer by exciton cou-
pling. The nearest carbon atom of this carotenoid, C(8), is
4.7 Å away from the nearest Mg atom and 9.5 Å from the
neighbouring Mg.
The ‘extrapolated’ portion then proceeds down an inden-
tation, with the end of its conjugated system passing edge
on to the B800 bchl, aligning itself with the Qx transition
dipole. In so doing, it mimics the B800 environment of the
first carotenoid, that is, an unfavourable perpendicular Qy
dipole alignment.
To position the final portion of this second carotenoid
accurately will require further data collections (perhaps at
low temperature) and, as a consequence, only the first
third of the molecule is shown in the relevant figures.
The phytyl chains — an unexpected alignment tool
When the energy transfer properties of chlorophylls or
bchls are being considered, the relative orientations of the
optical transition dipole moments, between the donor and
acceptor molecules, are crucial. It is clear from the struc-
ture of LH2 that the highly hydrophobic phytyl chains,
attached to each bchl, play a key role in this alignment
process. The phytyl chain provides the protein with a
handle which initially orients the chlorophyll macrocycles
and then locks them into place by coordinating with the
Mg atom, making hydrogen bonds with other functional
groups or forming van der Waals contacts with adjacent
phytyl chains or pigment molecules.
As the phytyl chain from the B800 bchl crosses the mem-
brane it is wrapped around (once) by the descending
phytyl chain from the b-B850 molecule (Fig. 10). The tail
of the B800 phytyl chain passes across the outer face of
the b-B850 making close van der Waals contacts with the
A and D rings of the macrocycle until it finally finishes
with the terminal dimethyls overlaid on top of the A ring
C(3) acetyl group (C(31)…C(18), 3.95 Å; O(3)…C(19),
4.30 Å; and C(32)…C(20), 4.38 Å) which is also involved in
hydrogen bonding with Tyr(44) from the a chain. There
may be some phytyl mediation in this important align-
ment. Phytyl chain/ring overlap at this b-B850 ring is
limited due to the proximity of b-His(30). At the opposite
end, the tail of the b-B850 phytyl chain passes across the
periplasmic face of the B800 chromophore (Fig. 10). At
this end, the phytyl chain contours the outer edge of the
B800 macrocycle making several contacts starting at
phytyl atom C(6) and involving the A, B and C rings.
Analysis of the atomic model of LH2, with the program
VOIDOO [37], identifies a void in the model above the
bacteriochlorin plane of B800. Close inspection of this
region suggests that some disruption of the in vivo LH2
structure may have taken place. The cavity identified
encloses a water site reported earlier [19] in the LH2 struc-
ture. The extent of the cavity does not allow positioning of
a set of solvent van der Waals spheres and seems to have
been reduced by relaxation of the structure. However,
fitting the cavity with spheres of radius 1 Å gives a model
reminiscent of the tail of a phytyl chain. This leads to the
conclusion that the nearby a-B850 phytyl chain (see
below), which passes edge on to B800, might in fact
extend across the cytosolic surface of the B800 macrocycle.
Interestingly, the route of the B800 phytyl chain through
the membrane and across the outer face of the b-B850 is
balanced by the first carotenoid which passes across the
inner face of the a-B850 bchl. 
The phytyl chain from the a-B850 is more or less fully
extended and does not pass across a chlorin ring face.
Instead, it finishes by making close contacts between the
terminal phytyl methyl, C(19), and O(133) and C(134) (3.77
and 4.17 Å, respectively) of ring E of B800. It would,
however, appear that the function of this phytyl chain is to
help ‘fix’ the orientation of the carotenoid molecule as it
approaches the a-B850, by making a further three close
contacts (3.70, 3.68 and 4.13 Å) with the isoprenoid chain as
it sandwiches it with the E ring acetate group of the b-B850.
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The mutual interactions of the phytyl chains (Figs 10,11)
illustrate that if the carotenoid or one of the bchls were
excluded by mutagenesis then the stability of the whole
assembly would be in jeopardy. This explains the rapid
turnover experienced in the carotenoidless mutant R-26
[18] and the effect on energy transfer when the B800 bchl
is removed by an LDAO-LDS (lithium dodecyl sulphate)
detergent mixture [30].
Looking at the pigment molecules assembled as a unit
(Fig. 11) there is an obvious hole in the arrangement.
Closer inspection reveals that Phe(22) from the b-apo-
protein is cradled in a bed of oxygen atoms from adjacent
bchls and their phytyl chains (Fig. 12). Interestingly, all
the oxygens involved are ether oxygens of an ester. The
arrangement can be discussed using a clock face as a refer-
ence: at four, the ether oxygen from the b-B850 phytyl
chain makes a contact, 3.39 Å in length, with the meta-
carbon; at six, the E ring ether from the same bchl is
aligned to the para-position, at a distance of 3.77 Å; at
seven, again the E ring ether oxygen, but this time from
the a-B850, aligns with the next ortho-position, at a dis-
tance of 3.63 Å; and finally, at nine, the ether from the
phytyl chain of this a-B850 is within 3.45 Å of the meta-
carbon. This appears to suggest a subtle mechanism
whereby the absorbing range of the bchls can be altered
slightly. The phenylalanine acts like a pinion on a chro-
mophore cam. Any slight change in the orientation of the
aromatic ring (say, by flexing or relaxing the b-apoprotein)
will interact with the adjacent chromophore side chains
and alter the relative orientations of the chromophores
themselves. The pair of highly polar carbonyls, O(131),
may be acting as a fulcrum about which the small change
in orientation may take place. This is repeated nine times
round the ring of B850 molecules like chuck-keys in a drill
chuck, finely tuning the frequency of absorption. Phe(22)
is totally conserved in all species of purple bacteria and
illustrates that it must be of prime functional importance.
Summary
The mechanism of energy transfer as outlined in this
paper can be regarded as only a starting point in the
process of understanding the details of light-harvesting
and singlet–singlet energy transfer. We have looked
closely at the relative distances and orientations of the
chromophores and used these as the basis for discussing
the energy transfer mechanisms. A more exact picture will
undoubtedly require the structure determination of many
more antenna complexes from different species, with a
thorough investigation of the structure–function relation-
ships using site-directed mutagenesis coupled with
detailed spectroscopic studies.
On photo-excitation of antenna complexes, energy is
passed amongst the pigment molecules with no net gain or
loss of electrons in the system (until it reaches the RC):
the sole function of these antenna complexes is to provide
exciton energy for charge separation to occur. No mass or
charge is transported, only energy. In the same way, a
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Figure 10
The chromophores represented as molecular surfaces showing the phytyl
chain interactions: magenta, B800; green, a-B850; purple, b-B850; and
red, carotenoid. (The figure was produced using GRASP [40].)
Figure 11
Molecular surface of two pigment protomers within the nonamer
showing the ‘hole’. (The figure was produced using GRASP [40].)
Mexican Wave at a football game is produced not by
people running around the ground with their arms in the
air, but by people standing up and then sitting down at the
appropriate time.
For Rps. acidophila there is, in principle, a potential for 
five different energy transfer steps: carotenoid→B800,
carotenoid→B850, B800→B800, B800→B850 and B850→
B850. The exact mechanism involved in each of these
steps does not necessarily have to be the same. But it is
certain that in these antenna complexes the energy ends
up being ‘stored’ in the B850 ring.
Let us firstly consider the energy transfer process which
occurs if a carotenoid is initially excited by light. The
excited carotenoid can transfer its singlet energy to the
B800 and either the a or b B850 bchls. The orientation of
B800 to the carotenoid is unfavourable for strong Coulom-
bic coupling and the distance between chromophores is too
great for orbital exchange. The particular edge on align-
ment of the carotenoid to the Qy bchl transition does seem
to suggest that some energy transfer is taking place via
multipole–multipole interactions. Exciton transfer to the
B850 chromophores is accomplished by strong Coulombic
coupling with the S2 dipoles of both carotenoids and either
a or b B850. Again, the mutually shared direction of the
carotenoid S2 and S1 dipoles suggests higher order cou-
pling. The assignment of the second carotenoid really
shows how much these pigment molecules participate in
light gathering. There must be substantial Coulombic cou-
pling as each carotenoid either ascends or descends the
membrane firstly sandwiching the a-B850 top and bottom
almost parallel to the Qx axis and then edge on to either
Qx or Qy dipoles of the B800 chromophore. Such inter-
actions from these large pigment molecules must give rise
to complex energy transfer mechanisms in which the
strong carotenoid→B850 S2 transition is dominant.
Energy transfer from an excited B800 pigment molecule
down the spectral gradient to the B850 ring is solely by the
Förster mechanism with the likelihood of additional inter-
actions with the nearest neighbour B800 molecule through
anisotropic Förster coupling. When the energy reaches the
B850 ring it is likely to be completely and efficiently de-
localized around the ring of B850 molecules. These are
clasped together by p-p overlap with energy being trans-
ferred mainly by Coulombic coupling of the Qy dipoles. It
would seem that the cyclical assembly has been chosen as
the closed loop not only keeps the energy within a control
area but also allows the photosystem to control energy
transfer to neighbouring antenna complexes (LH1 or
LH2) more efficiently. The curvature of the ring prevents
the potentially optimum coplanar alignment of the Qy
dipoles. Such a coplanar arrangement would require an
infinitely long open structure to be assembled in the
membrane, which is hard to imagine. The requirement 
for deactivation of the triplet-excited bchl via orbital
exchange to the adjacent carotenoid is seen in the close-
ness of these chromophores. Interestingly, the b-B850 is
too far away for orbital coupling with an adjacent
carotenoid. Perhaps a triplet-activated b-B850 deactivates
first through the p-bond overlaps with the neighbouring
a-B850 and then with the adjacent carotenoid.
Finally, the biggest surprise in looking at the pigment
molecules in detail is the role of the phytyl chains in the
alignment of the chromophores. It would seem that
position and orientation is mediated not so much by
pigment–protein interactions but by these phytyl chains.
Pigment–protein interactions almost seem relegated to the
fine tuning of the absorbing range of the chromophores.
Biological implications
Two main classes of organism perform photosynthe-
sis: those that evolve oxygen, for example green plants,
and photosynthetic bacteria that do not. When the cells
of purple bacteria grow under anaerobic conditions
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Figure 12
The intrusion of b-Phe(22) into the ‘hole’ showing the interaction with
the ether oxygens of the chromophores. (Figure produced using
SETOR [41].)
they develop, de novo, the capacity for photosynthesis.
They become highly pigmented and the cell membrane
differentiates to become deeply infolded into the cyto-
plasmic region. All of the synthesised components for
the light reactions of bacterial photosynthesis are
housed in and on these intracytoplasmic membranes.
The fundamental components of the photosynthetic
unit, the protein and pigment molecules, are therefore
assembled within the membrane, the protein acting
almost as a scaffold for the chromophores.
Light energy absorbed during the primary processes
of photosynthesis is converted into electronic energy.
After charge separation in the reaction centre, this is
again converted, into the energy of the electrochemi-
cal proton gradient. More than ten years ago, the
structure of the first reaction centre was determined.
This has allowed important and substantial advances
in our understanding of charge separation in photo-
synthetic bacteria. 
In this paper we present the mechanisms of the pre-
cursor to charge separation — the capturing of solar
energy and its transfer down the spectral gradient.The
first structure of an antenna complex, from Rps.
acidophila, allows us to look in detail at these initial
photosynthetic events and to begin to understand the
energy transfer mechanisms involved. The implica-
tions are far reaching in that they encroach on a
number of fundamental aspects of photosynthesis and
spectroscopy.
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